Abstract Cryptosporidium spp. in diarrheic calves less than 30 days old from farms across Northern Ireland were examined over a year period by microscopic, genotyping, and subtyping techniques to characterize the transmission dynamics. Cryptosporidium oocysts were detected in 291 of 779 (37.4%) animals. The prevalence rates of rotavirus, coronavirus, and Escherichia coli K99+ were lower as seen in 242 of 806 (30.0%), 46/806 (5.7%), and 16/421 (3.8%) of animals, respectively. Of the 224 Cryptosporidiumpositive specimens available for molecular analysis, Cryptosporidium parvum was identified in 213 (95.1%) specimens, Cryptosporidium bovis in eight (3.6%), and Cryptosporidium deer-like genotype in three (1.3%). Sequence analysis of the 60-kDa glycoprotein gene identified 16 IIa subtypes and a new subtype family, with 120 of the 216 (55.6%) positive specimens having the subtype IIaA18G3R1. Eight of the IIa subtypes were previously seen in humans in Northern Ireland. Several subtypes were temporally or geographically unique. The genetic diversity in calves in Northern Ireland was much greater than that reported from other areas. This work demonstrates the utility of genotyping and subtyping tools in characterizing the transmission of Cryptosporidium spp. in calves and humans.
Introduction
Cattle production is the major agricultural sector in Northern Ireland (NI), producing over half of the annual agricultural output. The total cattle population in Northern Ireland in 2005 was 1.67 million animals, including 0.27 million animals less than 6 months of age. The total annual output in 2004 from all cattle operations was £752 million (DARD Statistical Data 1981 -2005 , http://www.dardni.gov. uk). Morbidity and mortality in cattle populations significantly reduce the income of cattle operations. One of the major causes of morbidity and mortality in cattle is diarrheal disease. One study reported that, of the total number of mortalities in calves less than 1 month of age in Northern Ireland in 1992, some 18.5% were due to gastrointestinal syndromes, a figure that rose to 48% when stillbirths were excluded (Menzies et al. 1996) . Cryptosporidium, rotavirus, coronavirus, and Escherichia coli are the major enteric pathogens in neonatal calves of 30 days or younger (McDonough et al. 1994; Bendali et al. 1999; de la Fuente et al. 1999; Naciri et al. 1999) .
Cattle are infected with at least four Cryptosporidium species, including Cryptosporidium parvum, Cryptosporidium bovis, Cryptosporidium andersoni, and the Cryptosporidium deer-like genotype . A recent study in the United States has shown that the occurrence of these Cryptosporidium spp. in cattle is age-related (Santin et al. 2004) . C. parvum is responsible for about 85% of the Cryptosporidium infections in preweaned calves but only 1% of the Cryptosporidium infections in postweaned calves. Postweaned calves and old cattle are mostly infected with C. bovis, C. andersoni, and the Cryptosporidium deerlike genotype (Santin et al. 2004) . Nevertheless, C. parvum is the major species responsible for diarrhea in calves, and is the only zoonotic species in cattle.
Recently, researchers have used highly discriminatory subtyping techniques to study the transmission of bovine C. parvum infections in a geographic area (Mallon et al. 2003a,b; . These tools are very useful in characterizing transmission dynamics of C. parvum in cattle, the maintenance of the parasite on cattle farms and the role of herd-toherd transmission in epidemiology. One of the most commonly used subtyping tools is based on sequence analysis of the 60-kDa glycoprotein gene (GP60), which differentiates C. parvum to several subtype families and several subtypes within each family (Strong et al. 2000; Peng et al. 2001 Peng et al. , 2003a Sulaiman et al. 2001 Sulaiman et al. , 2005 Glaberman et al. 2002; Leav et al. 2002; Alves et al. 2003 Alves et al. , 2006 Sturbaum et al. 2003; Wu et al. 2003; Zhou et al. 2003; Chalmers et al. 2005; Abe et al. 2006; Trotz-Williams et al. 2006 ). Of the two major C. parvum subtype families, the IIa subtype family is zoonotic in nature and is seen in both humans and calves, whereas the IIc subtype family is anthroponotic and is only found in humans (Alves et al. 2003; .
Currently, little is known about the transmission of Cryptosporidium spp. in cattle in Northern Ireland. A previous subtyping study of a small number of human specimens from outbreaks and sporadic cases identified several C. parvum IIa subtypes, suggesting that these zoonotic subtypes might be present in cattle (Glaberman et al. 2002) . We report in this study a molecular epidemiologic study of cryptosporidiosis in neonatal calves in Northern Ireland.
Materials and methods

Sample collection
Fecal specimens submitted to the diagnostic laboratory at the Veterinary Sciences Division of the Department of Agriculture and Rural Development for Northern Ireland, Stormont, Belfast, were used in the study. They were collected from symptomatic calves less than 1 month of age on farms across Northern Ireland over a 12-month period during March 2002 to February 2003. They were examined for the presence of Cryptosporidium by a modified ZiehlNeelsen staining technique (Baxby et al. 1984) , rotavirus and coronavirus by enzymatic immunoassay using the Pathasure Enteritis Elisa Kit (Vetoquinol UK Ltd, Bicester, England), and enteropathogenic E. coli K99+ by bacterial culture on a defined minimal medium Minca agar (Guinee et al. 1976) followed by the use of the latex agglutination test FIMBREX K99 Kit (The Veterinary Laboratories Agency, Addlestone, Surrey, England).
DNA extraction and genotyping
Genomic DNA was extracted from Cryptosporidiumpositive specimens by alkaline digestion and phenolchloroform extraction, followed by DNA purification using the QIAamp DNA Stool Mini Kit (Qiagen, Valencia, CA, USA), as previously described (Peng et al. 2003b) . Cryptosporidium spp. presented were genotyped by nested polymerase chain reaction (PCR) and restriction fragment length polymorphism (RFLP) analysis of an approximately 830-bp fragment of the small subunit (SSU) rRNA gene ). All secondary PCR products were sequenced to further confirm the genotype identification.
GP60 PCR
A fragment of the 60-kDa glycoprotein (GP60) gene of approximately 850 bp was amplified by nested PCR as previously described, using 1 or 2 μl of the extracted DNA in primary PCR (Alves et al. 2003) . Secondary PCR products were purified using the Marligen Rapid PCR purification kit (Marligen Biosystems, Ijamsville, MD, USA). Sequencing reactions for the purified products were performed using the ABI BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA), following the manufacturer's instructions. SSU rRNA PCR products were sequenced in both directions using the forward and reverse primer used in secondary PCR, whereas GP60 products were mostly sequenced from the 5′ end. Unincorporated fluorescent-dye terminators from the cycle-sequencing reaction were removed using AutoSeq G-50 columns (Amersham Biosciences, Freiberg, Germany). Sequences were read on an ABI3100 automated sequencer (Applied Biosystems). The nucleotide sequences obtained in this study were aligned with reference sequences retrieved from the GenBank using the program ClustalX (ftp://ftp-igbmc.u-strasbg.fr/pub/ClustalX/). The recently proposed nomenclature was used in naming C. parvum subtypes (Sulaiman et al. 2005) .
Results
Prevalence of Cryptosporidium
Of the four common enteric pathogens in neonatal calves examined over 1 year period in this study, Cryptosporidium was the most prevalent, being detected in 291 of 779 (37.4%) animals by microscopy of fecal smears stained by the modified Ziehl-Neelsen staining technique. Rotavirus had a slightly lower prevalence rate, being found in 242 of 806 (30.0%) specimens tested. In contrast the prevalence rates of coronavirus (46/806 or 5.7% of animals) and E. coli K99+(16/421 or 3.8% of animals) were much lower (Table 1) . A total of 224 specimens positive for Cryptosporidium by microscopy were available for molecular analysis. Among them, 62 specimens (27.6%) were concurrently positive for rotavirus, six (2.7%) for coronavirus, and three (1.3%) for E. coli K99+.
Cryptosporidium infection was detected in calves in every month over the 1 year period. There were considerable monthly variations in infection rates. However, infection rates during the summer months were generally lower than those in other months (Fig. 1) .
Cryptosporidium genotypes
The 224 specimens positive for Cryptosporidium by microscopy and available for molecular analysis were collected from neonatal calves on 193 farms across Northern Ireland. DNA extracted from them all yielded SSU rRNA gene products of the expected size in nested PCR. RFLP analysis with SspI and VspI produced similar SspI banding patterns and identical VspI banding pattern for all PCR products. The SspI RFLP pattern of most PCR products was indicative of C. parvum, which were confirmed by results of DNA sequencing. However, a few SspI RFLP products yielded an upper band and a lower band that were slightly smaller than PCR products of C. parvum. DNA sequencing indicated that they were C. bovis or Cryptosporidium deer-like genotype. A few PCR products had a combination of the regular and the smaller upper bands. DNA sequencing indicated that they were C. bovis (Fig. 2) . Altogether, C. parvum was identified in 213 specimens, C. bovis in eight specimens and Cryptosporidium deer-like genotype in three specimens. The SSU rRNA sequences of C. parvum, C. bovis and the deer-like genotype were identical to those from these species previously reported in the United States Santin et al. 2004 ).
GP60 subtypes
Of the 224 specimens analyzed by GP60 PCR, 216 produced products of the expected size, including all 213 specimens identified as C. parvum by SSU rRNA PCR and three of the eight specimens identified as C. bovis. These products were sequenced successfully, except for five, which had sequence ambiguity at the 5′ end. Alignment -7) , and some C. bovis (lanes 2, 3, 8, and 9) have a mixture of the larger and smaller upper bands of the sequences obtained with reference sequences revealed that 215 sequences belonged to the C. parvum subtype family IIa, whereas the remaining sequence obtained from one C. parvum-infected calf had less than 90% homology to other sequences, thus belonged to a new C. parvum subtype family. Altogether, 16 IIa subtypes were found in neonatal calves studied (Fig. 3) , which differed from each other only in the number of TCA (designated by the letter A) and TCG (designated by the letter G) repeats. All IIa subtype sequences had only one copy of the ACATCA sequence (designated by the letter R). The most common subtype was IIaA18G3R1, which was found in 120 calves. Other less common subtypes included IIaA15G2R1, IIaA17G2R1, IIaA19G4R1, IIaA20G3R1, IIaA19G3R1, IIaA17G3R1, IIaA20G5R1, IIaA18G2R1, and IIaA20G2R1, which were seen in 28, 19, 15, 6, 5, 5, 3, 2, and 2 calves, respectively. The new subtype family and other IIa subtypes (IIaA16G3R1, IIaA17G1R1, IIaA18R1, IIaA19G2R1, IIaA20G4R1, and IIaA21G2R1) were each found in only one animal. All five sequences with 5′ end ambiguity belonged to IIa subtype family (Fig. 3) .
Distribution of subtypes
Among the four more common IIa subtypes, IIa18G3R1 was found year around in all geographic areas in Northern Ireland (Fig. 4) . Subtype IIaA15G2R1, though much less common, was also found at low frequency in all areas, with the exception of a high occurrence in April 2002. Subtype IIaA17G2R1 also mainly occurred in April 2002, but this was mostly due to the more extensive sampling of animals on a farm in the Lough Neagh basin area during an outbreak of cryptosporidiosis, in which all positive animals were infected with the subtype. Subtype IIaA19G4R1 was found sporadically over the year (Fig. 4) , predominantly in animals within a 15-mile radius in the North Antrim area, suggesting the possibility of some common point of infection or transmission.
Discussion
Previous studies in other countries have shown Cryptosporidium, rotavirus, coronavirus, and enterotoxigenic E. coli are some common causes of diarrhea in neonatal calves less than 30 days old (Reynolds et al. 1986; Holland 1990; McDonough et al. 1994; de la Fuente et al. 1998; Bendali et al. 1999; Naciri et al. 1999) . Results of this study suggest that the same is also true in Northern Ireland. The high prevalence of Cryptosporidium and rotavirus in neonatal calves in the current study is in agreement with similar studies conducted in Spain and France, which also showed lower prevalence of coronavirus and enterotoxigenic E. coli than the other two pathogens (de la Fuente et al. 1998 Fuente et al. , 1999 Naciri et al. 1999; Garcia et al. 2000) . Similar to what was observed before (Moore and Zeman 1991; Garcia et al. 2000) , concurrent Cryptosporidium and rotavirus infections were common in the present study. The higher occurrence of Cryptosporidium infections in neonatal calves during winter and spring months is consistent with farming practice in Northern Ireland. Because of the adverse climatic conditions prevailing in Northern Ireland during the winter months of October through to March, most stock is housed indoors during this period. This is accompanied by a concomitant increase in the numbers of susceptible calves being born while cows are housed indoors. This potentially provides ideal conditions for the transmission of Cryptosporidium in newborn calves, either from direct contact with infected animals, or from contaminated bedding or housing, an infection source previously identified (Atwill et al. 1998) . The lower detection rates during summer months were probably due to reductions in the numbers of symptomatic animals as a result of turnout of calves to pasture and a seasonal reduction in the numbers of calves being born. Similar patterns of spring and winter peaks have previously been seen in the United States (Xiao and Herd 1994; Mohammed et al. 1999) . IIaA15G2R1  IIaA17G2R1  IIaA19G4R1  IIaA20G3R1  IIaA19G3R1  IIaA17G3R1  IIa-unknown  IIaA20G5R1  IIaA18G2R1  IIaA20G2R1  IIaA16G3R1  IIaA17G1R1  IIaA18R1  IIaA19G2R1  IIaA20G4R1  IIaA21G2R1 New family
Subtypes
No. of specimens The genotype distribution of Cryptosporidium seen in neonatal calves is very similar to that recently reported in the United States, with most infections due to C. parvum and C. bovis and the deer-like genotype only occasionally seen in neonatal calves younger than 30 days (Santin et al. 2004) . The conservative nature of the SSU rRNA gene sequences for the three species in different geographic areas indicates that the age-related infections with different Cryptosporidium spp. previously observed in the United State probably also occurs in cattle in Northern Ireland.
The existence of 17 C. parvum subtypes may be indicative of a high genetic diversity of C. parvum in Northern Ireland. Previous studies in Portugal, United States and Canada have identified only a few C. parvum GP60 subtypes in calves in each area (Alves et al. 2003 (Alves et al. , 2006 Peng et al. 2003b; Trotz-Williams et al. 2006) . It is not clear whether the higher parasite diversity seen in this study was due to more extensive sampling of many farms. Previously, a multilocus typing study also demonstrated the existence of many subtypes in calves in Scotland (Mallon et al. 2003b ). The existence of several subtypes in a small area in theory can be the result of infected animals being brought into the area, either from local, national or international sources, and introduction of these new subtypes to the native cattle population. However, the majority of calves on Northern Ireland farms are either home-bred or bought in from local sources such as livestock marts, so it is more likely the high genetic diversity of the parasite seen here represents geographic isolation due to reduced movement of animals between farms.
Over half of the animals examined in Northern Ireland were infected with the subtype IIaA18G3R1. This subtype was previously seen in two waterborne outbreaks of human cryptosporidiosis in Northern Ireland in 2000 and 2001 (Glaberman et al. 2002) . It was also seen in two sporadic human cases in Australia and one calf in Canada (Chalmers et al. 2005; Trotz-Williams et al. 2006) . The widespread distribution both geographically and temporally indicates the successful transmission capabilities of this subtype either by direct animal-to-animal contact or through environmental contamination. It is interesting to note that another more widely distributed C. parvum subtype, IIaA15G2R1, was only seen in 13% of infected calves. The latter was responsible for 85% of C. parvum infections in calves and other ruminants in Portugal (Alves et al. 2006) , and has been found in humans and calves in the United States, Canada, United Kingdom, Portugal, Slovenia, Australia, Japan, and Kuwait (Glaberman et al. 2002; Peng et al. 2003b; Stantic-Pavlinic et al. 2003; Wu et al. 2003; Chalmers et al. 2005; Sulaiman et al. 2005; Abe et al. 2006; Alves et al. 2006; Trotz-Williams et al. 2006) .
In addition to IIaA18G3R1 and IIaA15G2R1, six other subtypes found in calves in the present study, including IIaA17G2R1, IIaA20G3R1, IIaA19G3R1, IIaA17G3R1, IIaA19G2R1, and IIaA20G4R1, were previously reported in humans in Northern Ireland (Glaberman et al. 2002) . Another subtype in calves, IIaA17G1R1, has been found in three outbreaks of cryptosporidiosis in neighboring England and Wales that were associated with direct contact with animals or consumption of contaminated water (Chalmers et al. 2005) . The similar distribution of C. parvum subtypes between humans and calves in the same geographic area suggests a role for calves in the transmission of human cryptosporidiosis in this area, even though more studies are clearly needed to assess the extent of calf-to-human transmission. As expected, the anthroponotic C. parvum IIc subtype family, which is the most common type of C. parvum in humans in most countries (Alves et al. 2003; Xiao et al. 2003; , was not seen in calves in the current and in previous studies.
In conclusion, results of the study have shown the occurrence of C. bovis and the Cryptosporidium deer-like genotype in the calves in Northern Ireland and the uniqueness of C. parvum transmission on farms in Northern Ireland, with one predominant subtype in neonatal calves. The widespread occurrence of the subtype in calves and humans demonstrates the genetic fitness of the parasite in the transmission of cryptosporidiosis. It also raises some concerns about the selection of highly infectious subtypes by intensive animal husbandry. Future multilocus subtyping studies would increase our understanding of the transmission dynamics of C. parvum in cattle and humans.
